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    The molecular weight determination of polymethyl acrylate fractions was made in buta-
 none by light scattering and in toluene by osmometry. Intrinsic viscosity measurements on 
 these fractions were made in various solvents. It was found that polymethyl acrylate was 
 degraded spontaneously in a long period (one year). Theta solvents for this polymer were 
 searched  out  ; isoamyl acetate and 2-methyl cyclohexanol were found to attain the Theta point 
 at 61.7° and 56.5°C, respectively. The molecular weight and viscosity data obtained in buta-
 none can be reproduced well by 
[77]300c = 3.97.10-5Mu,°-" 
 and [n] 300c = 5.37.10-5M„°•75 
 in the unit of 
    On the other hand, using the Theta point viscosities, [''7] o, determined in the two Theta 
 solvents and also in a Theta solvent mixture of butanone and isopropanol (1 : 1 by volume), 
 we calculated the values of ['r7]o/Mw1/2 (=K) which were proportional to the unperturbed 
 dimension. An average value, 102K=7.0, obtained from the viscometric data was in fair 
 agreement with that estimated from the light scattering data. On this basis, it is concluded 
 that the unperturbed dimension of polymethyl acrylate is far larger than that of polymethyl 
 methacrylate. In addition, the long-range interaction parameter is discussed in view of the 
 size of pendent group attached to polymer chains of (alkyl methacrylate)-type and (a-substituted 
 methyl acrylate)-type. 
                         INTRODUCTION 
   Although a number of conformational and thermodynamic studies on poly-
styrene and polymethyl methacrylate in dilute solution have been made, only a 
little attention has been paid to polymethyl acrylate (PMA). Polymethyl acrylate 
differs from polymethyl methacrylate (PMMA) at the point that no a-methyl 
group exists. This situation is quite similar to that for polyethylene and poly-
propylene, and it may be expected that the unperturbed chain dimension and other 
thermodynamic behavior in solution will be affected by a-methyl group". In fact 
Kotera et al.'," have pointed out that the chain dimension of PMA was consider-
ably larger than that for PMMA despite the effect of a-methyl group which might 
influence the internal rotation. In contrast to this finding, data of molecular 
weights and intrinsic viscosities in a Theta solvent reported by Takahashi et al." 
suggest no significant difference in the unperturbed dimensions of these polymers. 
This was, however, obtained by determining the statistical radius and the mo-
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lecular weight by light scattering, and a further  inquirement might be necessary. 
   This communication deals with solution properties of PMA in a hope to in-
quire again the data seen in literatures and to give reliable data of PMA for dis-
cussing another series of our experimental results on styrene-methyl acrylate 
copolymers". 
                    EXPERIMENTAL AND RESULTS 
Materials. MA monomer was purified three times by distillation under nitrogen 
atmospheric pressure after having been dried with sodium sulfate anhydride. Two 
polymerization runs were made at 50°C with acetone and a, a'-azo-bis-isobutyro-
nitrile as solvent and initiator, respectively. The polymerization condition is sum-
marized in Table 1. Each polymerization product was fractionated into seven 
                            Table 1. Polymerization data. 
        Sample Initiator SolventMonomer Temp. Time Conversion 
       code (wt. %)conc. wt. % (°C) (min.) (%) 
    PMA-1 0.4060.0 50 195 20 
                            Acetone 
    PMA-2 0.2040.0 50 555 3.6 
fractions at 30°C using a system butanone and methanol-water mixture as solvent 
and precipitant, respectively. The recovering of polymer from solution phase 
was extremely complicated, because the precipitate was too rubbery and sticky 
to be dried completely. A convenient procedure was, however, found ; this is to 
recover the polymer in a porous precipitate that appears when the solution phase 
is poured into boiling water. 
   Solvents used for viscosity, osmotic pressure and light scattering measurements 
were butanone, benzene, toluene, diethyl malonate, isoamyl acetate (iAA) and 2-
methyl cyclohexanol (2MCH). All the solvents were purified by the method rele-
vant to each, except for 2MCH which has two steric isomers of cis and trans forms. 
Separation of these isomers was impossible, and the ratio of the optical densities 
at 970 and 1030 cm ', which are characteristic of the trans and the cis from, re-
spectively", was used as a measure for the composition of stereoisomers. Attention 
was paid so as to use the solvent having the almost same infrared ratio, which 
ranged from 1.13 to 1.14. Such a precaution is especially important, since 2MCH 
is used here as a Theta solvent". 
Light Scattering Measurements. A modified photometer of the Brice type (a Shi-
madzu light scattering photometer) was used for the measurement. Details of the 
calibration procedure and other experimental techniques have been described in 
previous papers',". Specific refractive index increment, (dn/dc), was determined 
in butanone at 30°C with a differential refractometer of the Brice type (Shimadzu 
Seisakusho Co., Ltd., Kyoto). The result was 0.097 for 436 mw which was in good 
agreement with that reported by Nomura and Iwachido". Value of dn/dc in iso-
amyl acetate was estimated by extrapolating the relationship between dn/dc and 
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styrene (ST) content established for ST-MA random copolymers to zero ST-content; 
this was 0.077 at 30°C. We used this value for light scattering measurements of 
PMA in isoamyl acetate (Theta solvent), neglecting its temperature dependence. 
The final light scattering data were treated according to the Zimm plot. An 
example of this plot is shown in Fig. 1. The weight average molecular weights 
thus obtained in butanone are given in Table 2 together with the second virial 
coefficient,  A2, and the statistical radius, <S2>2.  
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         Fig. 1. Zimm's plot for PMA fraction (PMA-1-4) in butanone at 30°C. 
     Table 2. Characterization of sample polymers by light scattering and osmometry. 
                     L.S.a) in butanoneO.S.b) in toluene 
   Sample -----------------------------------S2.1012 M
w•10-4 Az•104(cm2)M„.10-4 Az.104 
PMA-1*) 80.0 3.20 
PMA-1-1. 188 1.99 54.2136 1.23 1.4 
      -2 135 2.54108 1.28 1.3 
       -3 109 2.53 27.481.3 1.27 1.3 
        -4 76.5 3.04 16.962.6 1.29 1.2
    -5 51.339.21.3 
        -6 25.3 3.04 7.6415.1 2.00 1.7 
PMA-2*) 74.6 3.64 
     PMA-2-2 170 2.65 49.8 
   -398.0 1.49 
        -6 41.7 3.03 9.1026.3 1.31 1.6 
           -7 28.8 3.38 
        a) Light scattering 
b) Osmometry 
*) Whole polymers 
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Osmotic Pressure Measurements. The measurement was conducted in toluene at 
30°C by a Mechrolab high speed membrane osmometer. Ultracellafilters of grade 
"feinst" and "aller-feinst" were used as semi-permeable membrane. The osmotic 
plot,  pr/c vs. c, was almost linear for all the fractions. The plots for the fractions 
of PMA-1 are shown in Fig. 2. The result is summarized also in Table 2. 
     0.30 -0 
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          Fig. 2. Osmotic polts of rr/c vs. c in toluene at 30°C for six fractions of 
               PMA (from bottom to top, PMA-1-1, -1-2, -1-3, -1-4, -1-5 and -1-6). 
Theta Temperature Determination. A semi-empirical turbidimetric method proposed 
by Cornet and Ballegooijen") was applied. The detail of the procedure is given 
in a previous paper". 2-Methyl cyclohexanol, isoamyl acetate, 2-ethoxyethanol 
and 2-butoxyethanol have been found to be suitable Theta solvents for PMA. 
   According to Cornet and Ballegooijen, the absolute temperature, T,, at which 
the incipient turbidity is observed, is determined as a function of the volume 
fraction of polymer, v2. Figure 3 illustrates plots between (T,)-1 and log v2 for 
PMA in isoamyl acetate (iAA) and also in 2-methyl cyclohexanol (2MCH). When 
this plot is extrapolated to v2=1, the limiting value should give the reciprocal of 
Theta temperature. Theta temperatures found for iAA and 2MCH were 61.7° and 
56.5°C, respectively. These Theta points were further ensured by light scattering 
measurements made at different temperatures. Figure 4 shows the plot between 
A2 and T (°C) observed with PMA-1 in iAA, and one sees that the Theta temper-
ature determined by the turbidimetric method is in good agreement with that by 
light scattering. 
Viscosity Measurements. Ubbelohde-dilution viscometers, efflux times of which are 
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         Fig. 3. Plots of reciprocal of clouding temperature (°K) vs. logarithm of 
            volume fraction of polymer. Circles (0 and O) refer to the deter-
             mination in 2-methyl cyclohexanol, and filled circles refer to that in 
              isoamyl acetate. 
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         Fig. 4. Light scattering second virial coefficients as a function of temper-
             ature (°C). Arrow indicates the Theta temperature found by the 
              turbidimetry. 
larger than 100 sec. (per 2 ml) for each solvent tested, were used. No kinetic 
energy correction was taken into account. The temperature was kept to within 
±0.02° at 30°C. The viscosity data were plotted according to the Schulz-Blaschke 
equation : 
'/P/c== En] ---k'['7]v, ,(1) 
where nsp/c, [f] and k' are the reduced specific viscosity, the intrinsic viscosity 
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and the Huggins constant, respectively. Values of [27] and k' are given in Table 3 
including data obtained in a solvent mixture of butanone and isopropanol (1 :1 by 
volume), which has been found by Takahashi et al. as a Theta solvent". 
           Table 3. Vales of [37] and h' for PMA in various solevnts at 30°C. 
Sample[37] (dl/g)h' 
  Code(1) (2) (3) (4)(5) (1) (2) (3) (4) (5)  
PMA-1*) 1.835 1.4500.269 0.330 
 PMA-1-1 3.633 2.635 1.785 3.255 0.975 0.277 0.297 0.336 0.229 0.600 
     -2 2.823 2.203 1.4650.146 0.311 0.288 
       -3 2.350 1.822 1.284 2.076 0.775 0.299 0.300 0.347 0.287 0.561 
       -4 1.823 1.425 1.005 1.655 0.645 0.307 0.260 0.383 0.272 0.535 
       -5 1.252 1.035 0.735 1.205 0.510 0.328 0.300 0.414 0.300 0.520 
     -6 0.730 0.594 0.4480.366 0.342 0.489 
PMA-2*) 1.69,40.261 
PMA-2-22.7770.272 
  -3 1.9700.304 
  -6 0.8460.331 
  -7 0.6350.340 
(1) Benzene(4) Diethyl malonate 
  (2) Butanone(5) Mixture of butanone and isopropyl alcohol (Theta solvent) 
  (3) Toluene*3 Whole polymers 
   After about one year since the above measurements has been done, we deter-
mined again the intrinsic viscosities in Theta solvents newly found, i.e. iAA and 
2MCH. The result suggested, however, that the values of [s] were decreased to 
considerable degrees, as summarized in Table 4. Thus the molecular weight de-
termination has been again conducted by light scattering, and the [57]-M8, rela-
tionship has been constructed. The result is consistent with that obtained previ-
ously, implying that no changes other than the chain degradation happened. 
          Table 4. Result of redetermination of Mw and [57] for PMA fractions-
             Effect of spontaneous degradation of PMA. 
              Degree of[57] in 
M .10 ' degradation (1) 30°C (2) 30°C (3) 56.0°C (4) 62.5°C 
  PMA-1-1 15617.0---0.842 
      -2 10423 .01.819 -0.732 0.689 
       -3 90.017.4-0.702 0.655 0.639 
       -4 67.112.3-0.577 0.530 0.522 
       -5 41.918.30.972 -0.440 0.445 
     -6 21.515.0---0.310 
   PMA-2-2 115a)-2.263 --
    -7 13.5a)-0.498 ---
         (1) Butanone 
          (2) Mixture of butanone and isopropyl alcohol. 
          (3) 2-methyl cyclohexanol 
         (4) Isoamyl alcohol a) obtained by osmometry (1144. 
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                            DISCUSSION
 ['p]-M Relationship. Plots between log ['] and log M in butanone are shown in 
Fig. 5. This relationship established on the Mw-base is in good agreement with 
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         Fig. 5. Plots between ['v] and Mw (0) CM„ (®)] for PMA fractions in 
             butanone at 30°C. Dotted and broken line refer to the results reported 
             by Kotera at al. at 25°C (Mw-base)" and by Sobolevaat al. at 20°C 
(Mw-base)11°, respectively. 
but in disagreement with that given by Soboleva et al"). Our result may be re-
produced by 
['7] 3o c(dl/g) = 39. 10-'Mw°.77(2) 
For the M„-base we have 
['Y] 30 ° c = 5.3, 10 SM„(3) 
The same plots established in benzene are shown in Fig. 6. The relationship on 
the Mw-base is in excellent agreement with that given in literature”) for a wide 
molecular weight span, while the relationship on the M„-base is in disagreement 
with that given by Guzman"'. This difference may be attributed to the difference 
in the polydispersity of the samples used. Figure 7 concerns the same plots in 
toluene and in dimethyl malonate. According to these experimental results, values 
of K' and a in En] =K'M° are evaluated and listed in Table 5. 
   Figure 8 shows the same plots of the data obtained in three Theta solvents, 
2MCH, iAA and the solvent mixture of butanone and isopropanol. The data 
points obtained in 2MCH at 56.0°C and in iAA at 62.5°C fall on a common line with 
a slope of 0.5, while those in the mixed solvent are in disagreement with those 
reported by Takahashi et al.," which are represented by a broken line in Fig. 8. 
Unperturbed Dimension. On the basis of the Flory-Fox viscosity equationl"i15' 
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 Fig. 6. Plots between [71] and M, (0) [M9 (0)] for PMA fractions in 
     benzene at 30°C. Dotted and broken line refer to the results obtained 
     at 30°C (Mw-base)12' and reported by Guzman at 25°C (Mn-base)"), 
     respectively. 
   Table 5. Values of K' and a for PMA in various solvents at 30°C. 
K'•105 and aMolecular 
------------ wt. range 
       benzene butanone toluene DEM*) M.10-4 
Mg-base 3.5s 0.798 3.9, 0.772 7.79 0.697 3.54 0.793 20-200 
M6-base 4.5s 0.795 5.37 0.764 9.46 0.697 5.60 0.776 15-150 
*> Diethyl malonate 
5.0- 
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       10 20 30 50 100200 
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 Fig. 7. Plots between [77] and Mw(Mn) for PMA fractions in two solvents 
    at 30°C. Circles (jI, CO, 0 and 0) indicate the plots obtained in 
     diethyl malonate (M,-and Mn-base), in toluene (Mw-andM0-base). 
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         Fig. 8. Plots of Theta point viscosity against molecular weight for PMA. 
            Circles (C), 0, ® and ®) indicate the plots obtained in mixed Theta 
             solvent of isopropyl alcohol and butanone (M„-base) at 30°C, the same 
              solvent (MW-base), 2-methyl cyclohexanol at 56.0°C, and isoamyl ace-
              tate at 62.5°C, respectively. Broken line refers to the result reported 
             by Takahashi et al4 . For the details, see text. 
[n] = KM1/2an3(4) 
with K = 0o(6<S2>o/M)3'2 = 00A3,(5) 
the unperturbed dimension (or the short-range interaction parameter), A2, may, 
be easily estimated with the Theta point viscosity, [']o. Here 00 and <S2>0 are 
the Flory viscosity constant at Theta point, the most recent value for which is 
2.68.1023 (c.g.s.),16) and the unperturbed mean square statistical radius, respectively. 
   In general the K value differs in accordance with the nature of molecular 
weight average, i.e. for M„ and Mw. Hereafter we discuss the K value on the 
basis of M,,. From the values of M,, and PI, found in 2MCH and iAA, Kw= [2]o/ 
Mwl'2 can be readily calculated. This leads to 102K.= 6.8, which is somewhat dif-
ferent from 5.4 reported by Takahashi et al. in the mixed Theta solvent". Our 
re-examination using this solvent resulted in 7.2, and the value of 7.0 seems reason-
able as the average. 
   In this connection we have estimated the K value with data of the statistical 
radius <S2>z, obtained for unfractionated sample PMA-1 in iAA in the proximity 
of Theta point (61.7°C). The statistical radii evaluated at different temperatures 
were plotted against temperature in Fig. 9 and the value at the Theta point was 
determined by interpolation of the above result. Here we neglected two data 
points which exist far apart from the averaged line (see Fig. 9). In consequence, 
the value of <S2>°z given in the previous paper" differs from the present value 
a little bit. The result was 1012.<S2>°z=8.1cm2. This value was converted to 
the Kw value with the aid of Eq. (5), assuming 00=2.5.1023 (c.g.s.) and M,,/M„=2. 
This leads to 102.K.= 7.0, which is in fair agreement with that estimated from 
the viscosity data. This comparison confirms well a previous conclusion drawn 
by Kotera et al.2,3) that the K value for PMMA (5.3.10-2)1” is far smaller than 
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         Fig. 9. Mean-square statistical radii of PMA-1 in the proximity of Theta 
             point as a function of temperature, solvent : isoamyl acetate. For 
              the details, see text. 
that for PMA, though this seems somewhat contradictory if one takes the effect 
of methyl group upon the internal rotation into consideration. However the steric 
factor, a-, defined by 
o-2 = AZ/Af2(6) 
is indifferent from each other. The a- values are 1.89 and 1.92 for PMMA and 
PMA respectively. 
Evaluation of Short-range and Long-range Interaction Parameters. According to 
the Stockmayer-Fixman theory, the intrinsic viscosity is represented by the fol-
lowing equation 
[77] = KM"2+0.5100BM(7) 
where A and B are the short-range and long-range interaction parameter, respec-
tively15°18'. Plots of [77]/Mu,"2 vs. M.1" based on Eq. (7) are shown in Fig. 10. 
The K value obtained in good solvents from the intercepts on ordinate is in good 
argeement with those obtained in Theta solvents. 
   On the other hand, the statistical radius of polymer is given by 
(6<S2>/M)3/2 = A3+0.632BM12(8) 
with the two parameters, A and B15"19'. The plot according to Eq. (8) is given in 
Fig. 11. In constructing this figure, the z-averaged statistical radius, <S'>5, de-
termined by light scattering was converted to the weight averaged value <S2>,, 
by assuming the exponential distribution of molecular weight, expressed in 
<S2>w = [(h+1)/(h+2)]<S2>z(9) 
M„/h = Mu,/(h+1) = M„/(h+2),(10) 
with h=2.5, corresponding to Mu,/M„=1.4. 
   To get a supplementary evidence for approving the values of A and B ob-
tained above, data from another source will be used. According to Kurata et al.,20” 
the second virial coefficient A2 may be written approximately by 
A2 = 1.65.1023 (A3/M1/2)+0.968.1023 B (11) 
A plot of A2M„,"2 vs. Mu,'" found in butanone is shown in Fig. 12. Thus we may 
(57)
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Fig. 10. Stockmayer-Fixman plots for PMA in benzene (0), in diethyl 
   malonate (C), in butanone (%), in toluene (j), in mixed solvent of 
   butanone and isopropyl alcohol (C)) at 30°C ; 2-methyl cyclohexanol 
() at 56.0°C and in isoamyl acetate O at 62.5°C. 
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Fig. 11. Plots according to Eq. (8) for PMA in butanone at 30°C. Arrow 
   indicates the value corresponding to A = 6.36 x 10-9 obtained from 
   viscosity data. For the details, see text. 
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         Fig. 12. Plots according to Eq. (11) for PMA in butanone at 30°C. Arrow 
             indicates the same value as shown in Fig. 11. For the details, see 
                 text. 
compare the values of A and B from different sources. As Table 6 indicates, the 
A values derived from these sources are in good agreement with each other, while 
the B value obtained from the viscosity data is far lower than those from the 
other two methods, as such has been reported by various authors. 
               Table 6. Short-range and long-range interaction parameters, 
                 A and B, obtained by different methods. 
            MethodA • 109B.1026 
          from [27], Eq.(7) 6.367.7o 
          from <S2>, Eq.(8) 7.1514.4 
          from Az, Eq.(11)6.4324.5 
Effect of Size of Pendent Group upon Long-range Interaction. In the last section 
we will discuss the effect of pendent groups attached to vinyl chain upon the 
long-range interaction. On the basis of P7] and M data obtained for (alkyl met-
hacrylate)-type212 and (a-substituted methyl acrylate)-type22) polymers, the long-
range interaction parameters, B, in butanone at 30°C, were evaluated as a function 
of the carbon number involved in each pendent group (see Fig. 13). The relation-
ship between B and carbon number found for (alkyl methacrylate)-type polymers 
differs somewhat from that for (a-substituted methyl acrylate)-type polymers at 
the carbon number of unity. However, when the carbon number exceeds unity, 
( 59 )
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CH3 
    10 -Co -C-CH2-(CHn                                                                                              -C-CH2-                                                          2) 
   N®:O:CO 
  OCH2 
                             (CH2)nCH3     cio 
5-r+ 
        0 2 4 68 10 12 
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          Fig. 13. Long-range interaction parameter B in butanone at 30°C as a 
             function of carbon number, n, involved in pendent groups for (alkyl 
            methacrylate)-type polymers (•) and (a-substituted methyl acrylate)-
            type polymers (0). 
these relationships are superposed on a master line, and the extrapolation of this 
line appears to meet the abscissa at the carbon number of 10. This might suggest 
that butanone could be a Theta solvent for (undecyl methacrylate)-polymer and 
its Theta point would exist at 30°C. 
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